Abstract The mechanism of the high temperature holedoped superconductivity was investigated by Raman scattering. The Raman selection rule is unique, so that anisotropic magnetic excitations in a fluctuating spincharge stripe can be detected as if it is static. We use different Raman selection rules for two kinds of magnetic Raman scattering processes, two-magnon scattering and high-energy electronic scattering. In order to confirm the difference, the Raman spectra of striped La 2−x Sr x CuO 4 (LSCO) and non-striped Nd 2−x Ce x CuO 4 (NCCO) were compared. The main results in LSCO are (1) magnetic excitations are presented by individual energy dispersions for the k|| stripe and the k ⊥ stripe, (2) the charge transfer is allowed only in the direction perpendicular to the stripe. The direction is the same as S. Sugai Department of Physics, Art and Science, Petroleum Institute, P.O. Box 2533, Abu Dhabi, UAE Tel.: +971-26075257 E-mail: ssugai@pi.ac.ae Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan Y. Takayanagi Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan N. Hayamizu Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan Y. Sone Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan N. Nakagawa Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan T. Muroi Department of Physics, Faculty of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan the Burgers vector of an edge dislocation. Hence we assume that a charge moves together with the edge dislocation of the charge stripe. The superconducting coherence length is close to the inter-charge stripe distance at x < 0.2. Therefore we propose a model that superconducting pairs are formed in the edge dislocations. The binding energy is related to the stripe formation energy.
Introduction
The spin-charge stripe structure [1, 2, 3, 4, 5, 6, 7, 8, 9] in the hole-doped high temperature superconducting cuprate has been intensively investigated, because it has a strong possibility to solve the superconducting mechanism [10, 11, 12, 13] . In the previous conference (Superstripes 2011) we presented the direct observation of individual k|| and k ⊥ stripe magnetic excitations in a fluctuating spincharge stripe state utilizing high-energy Raman scattering [14] . The advantage of Raman scattering is the unique selection rule which is determined by two Cartesian vectors parallel to the electric fields of incident and scattered light. If we chooses the electric field of incident light to one of the possible stripe direction and the electric field of scattered light to the other possible stripe direction, the observed spectra do not depend on the stripe direction, because Raman scattering is symmetric for the exchange of incident and scattered light. Using this technique we can observe the fluctuating stripe, as if it is static. Magnetic scattering arises from two mechanisms, two-magnon scattering and highenergy electronic scattering. The two mechanisms have different symmetries [14] . Using the difference we disclosed the following results. (1) The magnetic excitations in the stripe state of LSCO are presented by the dispersions calculated by Seibold and Lorenzana [15, 16] . The energy of the k|| stripe dispersion decreases together with the decrease of the high-energy intensity in the magnetic susceptibility. The separation of the dispersion curve in the k ⊥ stripe is caused by the Brillouin zone folding due to the extended magnetic unit cell. (2) the electronic scattering spectra show only k ⊥ stripe excitations, indicating that the carrier hopping is restricted to the perpendicular direction to the stripe.
In order to confirm the above analysis, we compared the Raman spectra of striped LSCO and non-striped electron-doped NCCO [17] . The experimental results certified the above analysis in LSCO. The restriction of the charge transfer direction is reminiscent of the Burgers vector of an edge dislocation. The edge dislocation easily slide in the Burgers vector direction which is perpendicular to an inserted half layer, giving ductility in metal. The carrier density dependent coherence length which gives the pair size is close to the inter-charge stripe distance at x < 0.2. It indicates that the charge moves together with the edge dislocation and the superconducting pairs are formed in the edge dislocations.
High energy magnetic Raman scattering has been reported in hole doped superconductors [18, 19, 20, 21, 22, 23, 24] and electron-doped superconductors [25, 26, 27] . Many of them reported only the B 1g spectra, because the B 2g spectra are two-magnon scattering inactive. The B 2g high-energy electronic Raman spectra are very sensitive to the crystal surface condition. Only fresh cleaved surface gives the key structure, a hump from 1100 to 3100 cm −1 in LSCO. The hump is scarcely reported except for a sign in the report by Machtoub [22] . The spectra in NCCO is sensitive to the oxygen reduction. We optimized the reduction condition to shorten the superconducting transition range less than 2 degree in the resistivity curve.
2 High-energy Raman spectra in striped LSCO and non-striped NCCO Figure 1 shows the comparison of Raman spectra in LSCO and NCCO. The spectra in insulator are shown by black curves and those in metal by red curves. The high-energy B 1g spectra show magnetic excitations caused by the two-magnon scattering process and the electronic scattering process, while the B 2g spectra present magnetic excitations caused by the electronic scattering process only. In LSCO the B 1g spectra represent k|| and k ⊥ stripe excitations and the B 2g spectra only k ⊥ stripe excitations. In LSCO the B 1g magnetic scattering peak whose energy decreases with increasing x is caused by the k|| dispersion. The hump from 1100 cm −1 to 3100 cm −1 in the B 1g and B 2g spectra is caused by the k ⊥ dispersion.
Each of B 1g and B 2g spectra in NCCO are almost the same as in LSCO at x = 0, because the magnetic scattering mechanism is only two-magnon scattering. However, the spectra in the metallic phase are very different. The black curve in Fig. 1(b) shows the scattering in as-grown insulating crystals and the red curve in oxygen reduced metallic crystals. The B 1g peak energy in the as-grown crystal does not change even if Ce concentration increases to x = 0.16 where the reduced sample is a superconductor. It is noted that the B 2g spectra change as Ce concentration increases regardless of as-grown or reduced. When the crystal becomes metal, the B 1g spectra abruptly shift to high energy and change into nearly the same form as the B 2g spectra. The isotropic charge transfer in the uniform spin lattice gives the same spectra in B 1g and B 2g symmetries. The peak energy can be interpreted by the theoretical model that an electron hops in a uniform antiferromagnetic spin lattice [28] . A hopping electron overturns the site spin, so that the motion of an electron can be approximated by the motion in the linear confining potential increasing with the path length. The transition energies between the discrete levels are 4800, 8200,... cm −1 using J = 0.3t and t = 0.4eV . The lowest transition energy coincides with the energy of the broad Raman peak in the metallic phase at x = 0.14.
Thus the Raman spectra in the metallic phase are very different by the existence or absence of the spincharge stripe structure. The B 1g two-magnon peak shifts to low energy in LSCO, as carrier density increases. On the other hand in NCCO it keeps the constant energy in the insulating phase even if Ce concentration increases and two-magnon peak disappears in the metallic phase. The B 2g hump from 1100 to 3100 cm −1 in LSCO which is assigned to the dispersion segment in the k ⊥ stripe does not appear in NCCO. These experimental results certify our assignment that the B 2g spectra in LSCO present the k ⊥ stripe excitations.
Charge transfer united with the edge dislocation of the stripe in LSCO
The surprising result of the charge transfer only in the perpendicular direction to the stripe is reminiscent of an edge dislocation in metal. The edge dislocation easily slides perpendicularly to the inserted layer. Applying the properties of the edge dislocation to the stripe state, the experimental results are interpreted that carriers in the charge stripe are localized except for the edge and the conductivity is induced by the hopping of charges united with the edge dislocation.
Figure 2(a) shows the single edge dislocation and Fig. 2(b) the looped edge dislocation [10] . The spin alignments at both sides of the charge stripe have opposite phases [5] , so that the looped edge dislocation has lower energy [10] . The edge dislocation moves to right by displacing small parts of charge stripes at and near the edge indicated by the dashed segments. The density of the edge dislocation is assumed to increase with increasing the carrier density. As for the superconductivity in the stripe phase, the Bosonization of charge and spin dynamics in a one-dimensional conductor (Tomonaga-Luttinger liquid) was used [10, 12] . However, the separation of the spin and charge degree of freedom has not been observed and the charge hopping in the looped edge dislocation is not a simple onedimensional hopping. Therefore we suppose that the superconducting pairs are formed in the moving carriers at the edge dislocation. This model is supported by the carrier density dependent coherence length in the following. Fig. 3 (a) The coherence length ξ [29, 30] and the inter-charge stripe distance d in LSCO [6] and (b) the ξ in NCCO, PCCO [31] , and LSCO [29, 30] and the d in LSCO [6] .
4 Superconducting pairs formed in the edge dislocation Figure 3 (a) shows the carrier density dependence of the Ginzburg-Landau coherence length ξ = Φ 0 /2πH c2 [29, 30] and the distance d [6] between charge stripes in LSCO, where Φ 0 is the fluxoid quantum. The d obtained from neutron scattering decreases from the insulatormetal transition point to x = 1/8 and then keeps constant at x > 1/8. The ξ is close to d from the insulatormetal transition point to x ≈ 0.2 and then increases as x increases. The increase of ξ at x > 0.2 may be caused by the shortening of stripes by the increased edge dislocation density. Figure 3(b) shows the coherence length ξ of holedoped LSCO [29, 30] and electron-doped NCCO and PCCO [31] . The coherence lengths of NCCO and PCCO are sited on a single curve. The ξ of NCCO and PCCO is much longer than that of LSCO. The coherence length ξ = 22 nm at x = 0.17 approaches ξ = 38 nm of Nb. The stronger the binding energy is, the shorter the coherence length is. The clear difference between the striped and the non-striped cuprates indicates that the superconducting mechanism is related to the stripe in the hole-doped cuprate and different in the electrondoped cuprate.
Thus the proximity between ξ and d in LSCO indicates that the pairing is formed in the moving edge dislocation. The coherence length of LSCO at x < 0.2 is only twice the inter-hole distance on the assumption that holes are uniformly distributed. Therefore the superconducting state is in the crossover regime between BCS (Bardeen-Cooper-Schrieffer) and BEC(Bose-Einstein condensation). It is like a bipolaron [32] , but the binding energy is related to the stripe formation energy rather than the electron-phonon interaction energy and the charge transfer direction is restricted to one direction for each pair.
In summary two kinds of magnetic Raman scattering mechanisms in the stripe state is confirmed by comparing the spectra in LSCO and NCCO. The magnetic excitations in LSCO are expressed by the individual energy dispersions in the k|| stripe and the k ⊥ stripe. The charge transfer is restricted in the direction perpendicular to the stripe. This direction is the same as the Burgers vector of the edge dislocation. Hence the charge transfer is assumed to be united with the edge dislocation. We propose a model that the superconducting pairs are formed in the edge dislocations, because the coherence length is close to the distance between the charge stripes.
